Solvent extraction experiments of La(III) with di-(2-ethylhexyl)phosphoric acid (P204) from chloride solution in the presence of a complexing agent (lactic acid) have been performed. The effective separation factors can be achieved when the complexing agent is added to the aqueous phase of the extraction system. The complexing agent lactic acid can be effectively recycled using tributyl phosphate (TBP) as extractant, by the use of a countercurrent extraction process, and the chemical oxygen demand (COD) value in the raffinate is 57.7 mg/L, which meets the emission standards of pollutants from rare earths industry. Thus, the simple and environment-friendly complexing method has been proved to be an effective strategy for separating light rare earths, and provides a positive influence on the purification of La(III).
Introduction
Rare earths are important elements, from an industrial point of view. They are extensively used in the metallurgy, lasers, magnets, and batteries. Lanthanum (La), for example, one of the most abundant rare earths, is of current commercial interest as it is used in the hydrogen storage materials, various alloy materials, etc. With the increasing demand for it, the separation and purification of La(III) have gained considerable importance.
Actually, solvent extraction is a classical chemical analytical method, playing an important role as a separation technique [1] . Saponified acidic extractant such as di-2-ethylhexyl phosphoric acid (P204) has been used to separate La(III) and rare earths under some conditions, which can enhance the extraction capacity of acidic extractants, but the resulting loss of ammonium ion to aqueous phase causes serious pollution [2, 3] , which becomes an important issue in the current rare-earth industry. Therefore, it is essential to find a new path for separating La(III) from the adjacent REs.
Up to date, much effort has been devoted to exploring some new extraction systems or extractants superior to the existing saponified extraction system, such as synergistic extraction systems [4] [5] [6] , ionic liquids (ILs) [7] [8] [9] containing functional groups used in the rare-earth ions extraction and separation. One of the most effective methods for improving the separation is to add a water-soluble complexing agent into the aqueous phase [10] . Sujatha studied the separation of Ce(III) and Nd(III) using the glycine as complexing agent, and found the average separation factor between these lanthanides was improved from 3.2 to 3.8 [11] . Similar trends have been found in the separation of the lanthanides using other complexing agents such as EDTA, DTPA and HEDTA [12] [13] [14] [15] [16] . However, the complexing agents have high cost and are difficult to be recycled.
We investigated the extraction of La(III) using a complexing agent citric acid with unsaponified P204, and found the extraction effect was as good as the saponified system [17] . However, some disadvantages still exist in these processes, such as very high extraction acidity and a difficult stripping. Hence, there is a growing interest in the development of new systems using a complexing agent hydroxy carboxylic acid for effective separation of REs. As a kind of hydroxy carboxylic acid, lactic acid (abbreviated as HLac) is similar to the citric acid, and is currently a promising option for the hydrometallurgical separation of the trivalent lanthanides. The separation of Pr(III)/Ce(III) using the HLac has been investigated, and the extraction performance is better than that without the complexing agent [18] .
In this paper, the extraction of La(III) using the unsaponified P204 in the presence of the HLac in the laboratory was investigated. The various extraction effects on different La(III) were reported and considered for the separation of La(III) from the adjacent rare earths.
Materials and Methods

Materials
P204 and TBP supplied by Tianjin Kermel Chemical Reagent Co. Ltd. were used without purification and diluted in sulphonating kerosene. A LaCl 3 solution with a concentration of 0.2 mol/L was prepared by dissolving lanthanum carbonate with a certain proportion of HLac and a small amount of HCl. Lactic acid was supplied by Sinopharm Chemical Reagent Co. Ltd. All other chemicals used were of analytical reagent grade.
Digital pH meter (pHs-3C, Shanghai Rex Instruments Factory), calibrated daily with 4.01 and 6.86 standard buffer solutions, was employed to measure pH values of the aqueous phase. An Agilent 1100 model HPLC was employed to measure the concentration of lactic acid in the recycling experiments.
Solvent Extraction Procedure
For the equilibrium experiments, equal volumes (20 mL) of the aqueous and P204 extractant were mixed and shaken for 30 min at 298 ± 1 K using a mechanical shaker. After phase separation, the concentration of La 3+ left in the aqueous phase was analyzed by titration with a standard solution of EDTA at pH 5.5 using xylenol orange as an indicator, and that in the organic phase was obtained by mass balance. Distribution ratio was ob-
] a , where "a" and "o" denote aqueous phase and organic phase. pH value was determined after extraction and phase separation.
For the recycling experiments, equal volumes (10 mL) of the raffinate after the above extraction and TBP extractant were mixed and shaken for 30 min at 298 ± 1 K using a mechanical shaker. The HLac concentration was analyzed by a HPLC method after entire stripping, and the extraction efficiency E is defined as follows: 
Results and Discussion
The Effect of Acidity on Extraction of La(III)
It should be noted that the pH value in the aqueous solution plays an important role in the extraction system with acidic extractants. The plots of distribution ratio (D) versus aqueous pH are shown in Figure 1 . It can be seen that the D shows an increasing trend with pH increasing at a constant concentration of lactic acid.
The Effect of HLac Concentration on the Extraction
The effect of HLac concentration on the extraction of La 3+ with P204 is studied and the results are shown in Figure 2 . From Figure 2 , it can be found that the distribution ratios of La(III) increase with the increasing of lactic acid concentration, and D reaches largest at the 0.6 mol/L HLac concentration and initial aqueous pH 3.5. This may be explained in terms of the buffering action of HLac, which slows down the effect of higher acidity in the raffinate on the distribution ratios. In practical application, the effect of initial aqueous pH is considered to be an important parameter, primarily because the acidity control of the aqueous phase is one of the key links in industrial processes. To our knowledge, extraction abilities of acidic organophosphorous extractants are commonly effected by the hydrogen ion from the hydroxyl group in P204 [19] . As a rule, the extraction of the trivalent rare-earth ions with P204 is an ion-exchange mechanism (Equation (2)). The rare earths extraction efficiency can be decreased due to the increase of the acidity in the raffinate, which is caused by the hydrogen ions exchanged with rare earth ions. To overcome the disadvantages, the acidic extractants saponified with aqueous ammonia have been widely applied for the extraction (Equation (3)), but saponification will result in serious pollution, emulsification and the third phase formation during extraction. Therefore, the careful control of the acidity in the raffinate is a critical component to the successful operation of the extraction process. The application of lactic acid is an effective strategy for eliminating this phenomenon, as shown in Equation (4), where "x" is the number of the ligand, and equals to 1, 2 or 3, and Lac is the lactate ion. The rare-earth ions in the aqueous phase can form a variety of complexes in the presence of lactic acid. However, a particular complex is prominent in the feed solution under the experimental conditions. After extraction, some hydrogen ions in the raffinate can combine with the lactate, which reduces the acidity in the aqueous phase and slows down the effect of higher acidity in the raffinate on the distribution ratios. On the other hand, no ammonium ion is released in the extraction process, indicating that it is a better environment-friendly process than the saponification extraction method.
Separation Performance
It is of considerable interest to quantitatively compare the separation ability. Under equilibrium conditions, the separation factors of the adjacent rare earth elements, β, can be defined as:
where the D 1 and D 2 refer to the distribution ratios of metal ion 1 and metal ion 2, respectively. Generally, the value of D 2 is larger than that of D 1 .
As can be seen from Table 1 , the separation factors for Ce/La, Pr/La and Nd/La increase with the aqueous pH value increasing at HLac concentration of 0.6 mol/L. For example, at pH 3.5 and HLac concentration of 0.6 mol/L in the range studied, the separation factors for Ce/La, Pr/La and Nd/La become values of 3.42, 6.98 and 11.16. From the separation factors, we can come to the conclusion that this system should be a more effective method to separate La 3+ from the other rare earths.
Recycling Experiments of the Complexing Agent HLac
As for the above experimental results, this system could be considered an efficient potential method for separating REs. However, there is a standard about the waste-water containing high organic loadings in the rare earths industry, otherwise, it will affect the chemical oxygen demand (COD). So the treatment of HLac from the extraction system becomes an important issue. In this study, we determine the optimum conditions by orthogonal test firstly when the lactic acid concentration is 0.6 mol/L. Using a countercurrent extraction process at a phase ratio V o :V w = 1:1, t = 20˚C, pH = 0.6, and 75 vol% TBP in kerosene, the HLac recovery reaches more than 99% for 10 extraction stages as shown in Table 2 .
In order to evaluate whether the lactic acid concentration achieves the emission standards of pollutants from rare earths industry or not, we calculate the COD in the raffinate after the 11 extraction stages. As can be seen from the Table 3 , the COD value after the 11 extraction stages can be up to 57.7 mg/L, which meets the emission standards of pollutants from rare earths industry (COD ≤ 80 mg/L), where theory of chemical oxygen demand of HLac is 1.07 g/g [20] . The results indicate that the HLac can be effectively recycled. 
Conclusions
The following conclusions are drawn:
1) The distribution ratios of the extraction of La(III) by P204 increase with the increase of the pH value in the feed solution and lactic acid concentration. The maximum separation factors of Ce/La, Pr/La and Nd/La become values of 3.42, 6.98 and 11.16 at pH 3.5 and HLac concentration of 0.6 mol/L.
2) The recycling experiments show that the complexing agent lactic acid could be efficiently recycled, and the COD in the raffinate meets the emission standards of pollutants from rare earths industry. 
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